Introduction
============

Lung cancer is the most commonly diagnosed type of cancer, accounting for 11.6% of all cases, and is the leading cause of cancer-associated mortality, accounting for 18.4% of all cancer-associated deaths worldwide in 2018 ([@b1-ijmm-46-03-1039]). Lung cancer is classified into two main categories, non-small cell lung cancer (NSCLC) and small cell lung cancer, of which the former accounts for \~85% of all cases ([@b2-ijmm-46-03-1039]). NSCLC is further subdivided into three major pathological types, squamous cell carcinoma, adenocarcinoma and large cell carcinoma ([@b3-ijmm-46-03-1039]). With the increase in the use of low-dose computed-tomography screening and the overall improvement in public health awareness, the detection of early lung cancer is increasing annually, along with a decrease in mortality rates ([@b4-ijmm-46-03-1039]); however, lung cancer is often initially diagnosed as advanced or locally advanced, particularly in less economically developed regions ([@b5-ijmm-46-03-1039]). Therefore, although significant progress has been made in the diagnosis and clinical treatment of lung cancer, the 5-year overall survival rate remains at \~19% in 2019 ([@b6-ijmm-46-03-1039]). Identifying novel candidate molecules involved in lung cancer or effective drugs for clinical treatment to improve the overall survival of lung cancer is therefore urgently required.

Traditional Chinese herbal medicine has gained increasing attention as novel anticancer drugs or novel clinical adjuvants to improve chemotherapy, or to relieve the related side effects ([@b7-ijmm-46-03-1039]). *Liriope platyphylla* (LP), a medical plant predominantly found in China, Korea and Japan, has been used to treat persistent coughs, neurodegenerative diseases and asthma ([@b8-ijmm-46-03-1039]), due to its anti-bacterial and anti-inflammatory effects ([@b9-ijmm-46-03-1039],[@b10-ijmm-46-03-1039]), as well as its ability to improve memory ([@b11-ijmm-46-03-1039]). In addition, steroidal saponins, the primary bioactive constituents of various medical plants, including LP, exhibit anticancer effects against several types of cancer cells, including breast, colorectal, and prostate cancer cells ([@b12-ijmm-46-03-1039]-[@b15-ijmm-46-03-1039]). Furthermore, it has been reported that the abundance of steroidal saponins in LP contributes to the biological properties of LP ([@b16-ijmm-46-03-1039],[@b17-ijmm-46-03-1039]). Liriopesides B (LPB), a traditional herb isolated from the roots of LP, exhibits antitumor activity in human ovarian cancer cells ([@b18-ijmm-46-03-1039]). However, to the best of our knowledge, the potential therapeutic effects of LPB in NSCLC remain unknown. Due to their lower toxicity and better tolerability compared with unnatural products, natural products may be ideal candidates for cancer treatment, and this may explain the widespread interest among researchers worldwide ([@b7-ijmm-46-03-1039]).

In the present study, the antitumor effects of LPB on H460 and H1975 cells were assessed. LPB inhibited proliferation, induced apoptosis, increased autophagy and caused G1/S phase arrest. Furthermore, LPB also downregulated the expression of PD-L1 both at the transcriptional and translational levels. These results highlight the potent antitumor effects of LPB, suggesting that LPB may serve as a novel strategy for the clinical treatment of NSCLC.

Materials and methods
=====================

Cell lines and cell culture
---------------------------

H460 and H1975 cells, which have relatively high expression of PD-L1, were selected to be used in the present study. Both cell lines were purchased from The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences. Both cell lines were cultured in RPmI-1640 medium (Corning, Inc.) with 10% FBS (Corning, Inc.), penicillin (100 IU/ml) and streptomycin (100 *µ*g/ml) in an incubator with 5% Co~2~ at 37°C.

Antibodies and reagents
-----------------------

The following antibodies were purchased from Cell Signaling Technology, Inc.: Anti-poly (ADP-ribose) polymerase (PARP; cat. no. 9532; 1:1,000), anti-cleaved PARP (cat. no. 5625; 1:1,000), anti-caspase-3 (cat. no. 9662; 1:1,000), anti-cleaved caspase-3 (cat. no. 9664; 1:1,000), anti-caspase-9 (cat. no. 9502; 1:1,000), anti-cleaved caspase-9 (cat. no. 9501; 1:1,000), anti-cleaved caspase-8 (cat. no. 9496; 1:1,000), anti-Survivin (cat. no. 2808; 1:1,000), anti-Bax (cat. no. 5023; 1:1,000), anti-Bcl-2 (cat. no. 4223; 1:1,000), anti-Bid (cat. no. 2002; 1:1,000), anti-Bcl-xl (cat. no. 2764; 1:1,000), anti-cytochrome c (cat. no. 4280; 1:1,000), anti-cox Iv (cat. no. 4850; 1:1,000), anti-programmed death-ligand 1 (PD-L1; cat. no. 78701; 1:1,000), anti-phosphorylated (p)-eRK1/2 (Thr202/Tyr204; cat. no. 4370; 1:1,000), anti-eRK1/2 (cat. no. 4695; 1:1,000), anti-p-JNK (Thr183/Tyr185; cat. no. 9251; 1:1,000), anti-JNK (cat. no. 9252; 1:1,000), anti-p-P38 (Thr180/Tyr182; cat. no. 9211; 1:1,000), anti-P38 (cat. no. 9212; 1:1,000), anti-p-AKT (Ser473, cat. no. 4060; 1:1,000), anti-AKT (cat. no. 9272; 1:1,000), anti-β-actin (cat. no. 3700; 1:2,000), anti-p-retinoblastoma (Rb; Ser807/811; cat. no. 8516; 1:1,000), anti-Rb (cat. no. 9313; 1:1,000), anti-P21 (cat. no. 2947; 1:1,000), anti-CDK6 (cat. no. 3136; 1:1,000), anti-cyclin D1 (cat. no. 2978; 1:1,000), anti-cyclin D3 (cat. no. 2936; 1:1,000), anti-GAPDH (cat. no. 97166; 1:2,000), anti-AmP-activated protein kinase α (AMPKα; cat. no. 5831; 1:1,000), anti-unc-51 like autophagy activating kinase (uLK1; cat. no. 8054; 1:1,000), anti-p-uLK1 (Ser555; cat. no. 5869; 1:1,000), anti-p-AMPKα (Thr172; cat. no. 50081; 1:1,000), anti-mToR (cat. no. 2983; 1:1,000) and anti-p-mToR (Ser2448; cat. no. 5536; 1:1,000). Anti-tBid (cat. no. ab10640; Abcam; 1:1,000), anti-CD274 (cat. no. 557924; BD Pharmingen; BD Biosciences), anti-IgG (cat. no. 556650; BD Pharmingen; BD Biosciences) and Fc block (cat. no. 564765; BD Pharmingen; BD Biosciences) were also purchased.

Cell Counting Kit-8 (CCK-8) assay
---------------------------------

Cell viability was determined using a CCK-8 assay (Beyotime Institute of Biotechnology) assay. Cells were seeded in 96-well plates (5×10^3^ per well) and incubated with LPB (purity ≥98%; Chengdu must Bio-Technology Co., Ltd.) at 37°C for 24 or 48 h at different concentrations (0, 10, 20, 30, 40, 50 and 60 *µ*m). Subsequently, 10 *µ*l CCK-8 solution was added to the cells, and further incubated at 37°C for 1 h. The absorbance was measured at 450 nm using a microplate spectrophotometer. A total of five wells were used for each experimental condition.

Colony formation assay
----------------------

H460 and H1975 cells were seeded into 6-well plates at a density of 1×10^3^ cells per well. Following treatment with LPB (0, 20, 40 and 60 *µ*m) for \~2 weeks at 37°C, cells were washed with PBS twice, then fixed in 4% paraformaldehyde for 30 min at 4°C, and stained with 0.5% crystal violet for 20 min at room temperature. Visualized colonies were then imaged and counted.

Annexin V-FITC/PI double staining
---------------------------------

Apoptosis was quantified using a FITC Annexin v Apoptosis Detection kit I (cat. no. 556547; BD Pharmingen; BD Biosciences) according to the manufacturer\'s protocol. Cells were treated with the indicated concentrations (0, 20, 40 and 60 *µ*m) of LPB for 24 h at 37°C. Subsequently, cells were collected and washed twice with PBS. Subsequently, 1×10^6^ cells were resuspended in 100 *µ*l 1x binding buffer (diluted with ddH~2~o), and 5 *µ*l FITC and 5 *µ*l PI were added to each tube and incubated for 30 min at room temperature in the dark. After staining, 500 *µ*l 1x binding buffer was added to each tube before analysis using a flow cytometer and FlowJo v10.4 software (FlowJo LLC).

Hoechst 33342 staining
----------------------

Characteristic apoptotic morphological changes were assessed by fluorescence microscopy using Hoechst 33342 (cat. no. 145331; Sigma-Aldrich; merck KGaA). Briefly, the cells were seeded in 6-well plates at a density of 1×10^6^ per well, followed by treatment with LPB (0, 20, 40 and 60 *µ*m) for 24 h at 37°C. Cells were washed with PBS twice and then stained with 5 *µ*g/ml Hoechst 33342 for 15 min at room temperature in the dark. Following staining, cells were observed with a fluorescence microscope (magnification, ×200).

Western blot analysis
---------------------

Cell lysates were prepared using RIPA lysis buffer containing protease inhibitor (cat. no. 5892970001; Roche Diagnostics) and phosphatase inhibitor (cat. no. 524629; EMD Millipore). Following quantitation using a BCA Protein assay kit (Pierce; Thermo Fisher Scientific, Inc.), equal quantities of proteins (20-30 *µ*g/lane) were loaded on a 12% SDS-PAGE gel, followed by transfer to PVDF membranes. The membrane was blocked with 3% BSA (cat. no. A600332-0100; Sangon Biotech Co., Ltd.) for 1 h at room temperature, and washed with TBS and 0.1% Tween-20 (TBST). Subsequently, the membrane was incubated with the relevant primary antibodies at room temperature for 2 h, washed three times with TBST, and then incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (cat. no. 7074; 1:2,000; Cell Signaling Technology, Inc.) and HRP-conjugated goat anti-mouse IgG (cat. no. ab6789; 1:5,000; Abcam) secondary antibodies for 1 h at room temperature. After washing in TBST three times, signals were visualized using an enhanced chemiluminescence assay (Biosharp Life Sciences).

Mitochondrial membrane potential analysis
-----------------------------------------

The loss of mitochondrial membrane potential in LPB-treated H460 and H1975 cells was analyzed using a mitochondrial membrane Potential Detection JC-1 kit (cat. no. 551302; BD Pharmingen; Biosciences). H460 and H1975 cells (1×10^6^ cells) were cultured in 6-well plates for 24 h followed by LPB treatment with the indicated concentrations (0, 20, 40 and 60 *µ*m) for 24 h at 37°C. The cells were harvested and washed with 1x assay buffer and stained with JC-1 detection reagent for 15 min at 37°C. The stained cells were then analyzed using a flow cytometer (BD FACSCanto™ II Flow cytometer; BD Biosciences) and FlowJo v10.4 software (FlowJo LLC), and the fluorescence intensity in the FITC and Pe channels were assessed.

Mitochondrial isolation
-----------------------

The mitochondrial fraction was isolated from cell lysates using a mitochondria Isolation kit (cat. no. 89874; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Briefly, 800 *µ*l Reagent A was added to 2×10^7^ H460 and H1975 cells, vortexed at 1,500 × g for 5 sec, followed by incubation on ice for 2 min. Subsequently, 10 *µ*l Reagent B was added to the tubes and vortexed at 3,000 × g for 5 sec. Next, 800 *µ*l Reagent C was added to each tube and inverted several times, followed by centrifugation at 700 × g for 10 min at 4°C. The supernatant was transferred to a 2 ml tube and centrifuged at 12,000 × g for 15 min at 4°C. The supernatant was then collected as cytoplasmic protein and the precipitate was centrifuged at 12,000 × g for 5 min at 4°C following addition of 500 *µ*l reagent C. Finally, the mitochondrial pellets were lysed using RIPA lysis buffer on ice for 30 min. Western blot analysis was used to detect the expression of proteins in the mitochondrial fraction.

Detection of membrane-bound PD-L1
---------------------------------

PD-L1 expressed at the membrane of H460 and H1975 cells was evaluated by flow cytometry. Briefly, single-cell suspensions were collected, and 2.5 *µ*l Fc block was added and incubated for 10 min at room temperature. Subsequently, 20 *µ*l Pe-conjugated anti-CD274 or anti-IgG (isotype control) was added and incubated for 30 min at room temperature. There was no washing step between the two staining steps. After staining, cells were washed twice in PBS and then used for flow cytometry analysis with FlowJo v10.4 software (FlowJo LLC).

Reverse transcription-quantitative PCR (RT-qPCR)
------------------------------------------------

Total RNA was extracted from cells using TRIzol reagent (cat. no. 15596-026; Ambion; Thermo Fisher Scientific, Inc.). RT was performed using HiScript II Select RT Supermix for qPCR (cat. no. R232-01; vazyme Biotech Co., Ltd.) and qPCR analysis was performed using SYBR qPCR master mix (cat. no. Q311-02; vazyme Biotech Co., Ltd.). The RT reaction conditions were as follows: 50°C for 15 min and 85°C for 5 sec, followed by preservation at 4°C. The qPCR thermocycling conditions were as follows: Pretreatment at 95°C for 30 sec; followed by 40 cycles at 95°C for 10 sec, 60°C for 30 sec and then preservation at 4°C. The sequences of the primers used were: PD-L1 forward, 5′-CCT ACT GGC ATT TGC TGA ACG CAT -3′ and reverse, 5′-ACC ATA GCT GAT CAT GCA GCG GTA -3′; β-actin forward, 5′-ATC TGG CAC CAC ACC T-3′ and reverse, 5′-CGT CAT ACT CCT GCT T-3′. The 2^−ΔΔCq^ method ([@b19-ijmm-46-03-1039]) was used to analyze the expression of mRNA. Relative abundance was expressed as the ratio of the analyzed gene to β-actin.

Cell cycle staining
-------------------

Following treatment with LPB (0, 20, 40 and 60 *µ*M) for 24 h at 37°C, cells were collected by centrifugation at 500 × g for 5 min at room temperature. The cells were resuspended in 1 ml PBS and 3 ml absolute ethanol was added; the tube was gently vortexed whilst adding ethanol, and subsequently, the cells were left to fix at -20°C overnight. The fixed cells were centrifuged at 500 × g for 10 min at room temperature, the ethanol was discarded, and 1-2 ml PBS was added and left at room temperature for 10 min. Following centrifugation at 500 × g for 5 min at room temperature, 1 ml DNA staining solution (cat. no. CCS012; multiSciences Biotech Co., Ltd.) was added to the tube, and incubated for 30 min at room temperature in the dark. A flow cytometer was used to detect cell cycle distribution and FlowJo v10.4 software (FlowJo LLC) was used for analysis.

Lentiviral transfection
-----------------------

A total of 5×10^5^ cells were seeded into a 6-well plate before transfection. Following incubation overnight, 50 *µ*l GFP-RFP-LC3 (Hanbio Biotechnology Co., Ltd.) was added to the plate along with 5 *µ*g/ml polybrene (Hanbio Biotechnology Co., Ltd.). Subsequently, cells were centrifuged at 1,000 × g for 1 h at room temperature. Following transfection for 48 h, successfully transfected cells were used to detect and analyze autophagy. Images were captured with a fluorescence microscope (magnification, ×200).

Statistical analysis
--------------------

All experiments were repeated independently at least three times. Data are expressed as the mean ± standard deviation. Significant differences between the control and treatment groups were assessed using one-way ANOVA followed by Dunnett\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Liriopesides B suppresses the viability and growth of human NSCLC cells in a dose-dependent manner
--------------------------------------------------------------------------------------------------

The chemical structure of LPB obtained from National Center for Biotechnology Information ([www.ncbi.nlm.nih.gov/pccom-pound/](http://www.ncbi.nlm.nih.gov/pccom-pound/)) is presented in [Fig. 1A](#f1-ijmm-46-03-1039){ref-type="fig"}. To investigate whether LPB reduces cell viability of human NSCLC cells, a CCK-8 assay was used to detect the viability of H460 and H1975 cells treated with LPB for 24 and 48 h ([Fig. 1B](#f1-ijmm-46-03-1039){ref-type="fig"}). The IC50 values of LPB treatment for 24 h in H460 and H1975 cells were 42.62 and 32.25 *µ*M, respectively. Compared with untreated cells, 60 *µ*m LPB significantly reduced cell viability of H460 and H1975 cells after 24 h treatment. Thus, whether treatment with LPB affected clonal growth of human lung cancer cells was assessed. A colony formation assay was performed, and the results demonstrated that LPB suppressed the clonogenic growth of H460 and H1975 cells in a dose-dependent manner ([Fig. 1C and D](#f1-ijmm-46-03-1039){ref-type="fig"}). Additionally, the morphological changes and numbers of H460 and H1975 cells treated with the indicated concentrations were observed using a fluorescence microscope under bright-field ([Fig. 1e](#f1-ijmm-46-03-1039){ref-type="fig"}). These results suggest that LPB inhibits the growth of H460 and H1975 cells.

Liriopesides B induces apoptosis of NSCLC cells
-----------------------------------------------

Flow cytometry was used to detect apoptosis of H460 and H1975 cells following treatment with LPB. LPB significantly increased the proportion of apoptotic cells in both H460 and H1975 cells ([Fig. 2A](#f2-ijmm-46-03-1039){ref-type="fig"}). The percentage of apoptotic H460 and H1975 cells after treatment with 60 *µ*m LPB was 80.1 and 60.9%, respectively, and in the control, it was 12.7 and 8.3%, respectively. Additionally, the fluorescence images revealed the changes in H460 and H1975 cells stained with Hoechst 33342 following treatment with the indicated concentrations of LPB (0, 20, 40 or 60 *µ*m) for 24 h. Chromatin condensation, DNA fragmentation and cell shrinkage, which are all features of apoptotic cells, was observed under a fluorescence microscope ([Fig. 2B](#f2-ijmm-46-03-1039){ref-type="fig"}). To further investigate the mechanism underlying this phenomenon, expression levels of apoptosis-associated proteins were determined by western blotting ([Fig. 2C](#f2-ijmm-46-03-1039){ref-type="fig"}). The levels of cleaved caspase-3, -8, -9 and PARP increased after 24 h treatment with the indicated concentrations of LPB both in H460 and H1975 cells, whereas the levels of Survivin decreased, suggesting that LPB induced apoptosis by activating caspases.

Liriopesides B initiates the mitochondrial apoptosis pathway in H460 and H1975 cells
------------------------------------------------------------------------------------

To determine whether the mitochondrial apoptosis pathway is involved in apoptosis, a JC-1 staining assay was performed to detect the mitochondrial membrane potential. The JC-1 probe displayed red fluorescence under normal conditions as the J aggregates translocated to the inner mitochondrial membrane. However, red fluorescence changed as J monomers formed in apoptotic cells, which appeared green. These changes indicated a decrease in mitochondrial membrane potential. LPB significantly decreased the mitochondrial membrane potential in both H460 and H1975 cells ([Fig. 3A](#f3-ijmm-46-03-1039){ref-type="fig"}). Due to their function in mediating mitochondrial membrane permeability, western blot analysis was used to examine the levels of the apoptosis-related proteins ([Fig. 3B](#f3-ijmm-46-03-1039){ref-type="fig"}). The results demonstrated that the expression levels of Bax and tBid, known as pro-apoptotic proteins, were increased, whereas the expression levels of the anti-apoptotic proteins, Bcl-2 and Bcl-xl, were decreased after treatment with LPB. Furthermore, western blotting revealed that the expression of cytochrome c decreased in the mitochondria and increased in the cytoplasm following treatment with LPB, suggesting that cytochrome c was released from the mitochondria into the cytoplasm to initiate apoptosis. Taken together, these results suggest the mitochondrial apoptosis pathway is involved in LPB-induced apoptosis.

Liriopesides B induces G1/S arrest in NSCLC cells
-------------------------------------------------

Cell cycle arrest is a frequently observed antitumor mechanism of several other traditional Chinese medicines ([@b20-ijmm-46-03-1039],[@b21-ijmm-46-03-1039]). As LPB suppressed NSCLC cell growth, its effects on cell cycle progression were assessed. H460 and H1975 cells were treated with LPB for 24 h, and analyzed by flow cytometry. LPB induced G1/S phase arrest in a concentration-dependent manner ([Fig. 4A](#f4-ijmm-46-03-1039){ref-type="fig"}), with the percentage of cells in the G1 phase increasing from 59.5 to 87.4% in H460, and increasing from 46.2 to 74.0% in H1975 cells in untreated and 60 *µ*m group, respectively ([Fig. 4B](#f4-ijmm-46-03-1039){ref-type="fig"}). To determine the underlying mechanism, the expression levels of proteins associated with the G1/S phase checkpoint were assessed, demonstrating that LPB decreased the phosphorylation of Rb, and the total expression of Cyclin D1, Cyclin D3 and CDK6 in both H460 and H1975 cells, whilst upregulating the expression of P21 only in H1975 cells ([Fig. 4C](#f4-ijmm-46-03-1039){ref-type="fig"}). The atypical expression of P21 in H460 cells indicates that there may be some complex regulatory relationship that is not yet clear, therefore further experimental investigations are required. Taken together, these results indicate that LPB induced G1/S phase arrest via a P21-Cyclin D/CDK6 signaling pathway.

LPB activates autophagy via an AMPKα-mTOR signaling pathway in H460 and H1975 cells
-----------------------------------------------------------------------------------

Autophagy is a catalytic process that causes autophagic lysosome-mediated degradation of the main contents of the cytoplasm, abnormal protein aggregation and damaged organelles, and this serves an important role in tumor development ([@b22-ijmm-46-03-1039]). In the present study, there was a notable aggregation of LC3 puncta observed following LPB treatment, and the degree of aggregation increased in a concentration0dependent manner ([Fig. 5A](#f5-ijmm-46-03-1039){ref-type="fig"}). It has been reported that the AMPK-mTOR signaling pathway may regulate autophagy ([@b23-ijmm-46-03-1039]), and thus the effect of LPB on this pathway was assessed in NSCLC cells. Western blotting demonstrated that LPB reduced the levels of p-mTOR, and increased phosphorylation of AMPKα and ULK ([Fig. 5B](#f5-ijmm-46-03-1039){ref-type="fig"}). The expression levels of LC3 were also increased following treatment with LPB for 24 h in both H460 and H1975 cells ([Fig. 5B](#f5-ijmm-46-03-1039){ref-type="fig"}). Taken together, LPB may induce autophagy in H460 and H1975 cells via an AMPKα-mTOR signaling pathway.

Liriopesides B inhibits mitogen-activated protein kinase (MAPK) and AKT signaling pathways in NSCLC cells
---------------------------------------------------------------------------------------------------------

The MAPK signaling pathway is involved in several aspects of maintaining cell survival ([@b24-ijmm-46-03-1039]). To investigate the mechanism by which LPB suppresses the proliferation of NSCLC cells, the MAPK signaling pathway was assessed by western blotting. Three classical pathways, eRK1/2, p38/MAPK and c-JNK, are involved in the MAPK signaling pathway ([@b25-ijmm-46-03-1039]). The activation of protein kinases was evaluated by western blot analysis to determine the effect of LPB on them. LPB decreased eRK1/2 phosphorylation in a dose-dependent manner in both H460 and H1975 cells, and increased p38/MAPK and JNK phosphorylation ([Fig. 6](#f6-ijmm-46-03-1039){ref-type="fig"}). Similar to the MAPK signaling pathway, the level of phosphorylated AKT was reduced by LPB.

Liriopesides B decreases the expression of PD-L1 in H460 and H1975 cells
------------------------------------------------------------------------

It has been reported that PD-L1 translocates to the tumor cell membrane and binds to PD-1, which is expressed on the T-cell membrane to exert immune escape ([@b26-ijmm-46-03-1039]). Thus, the expression of PD-L1 on the surface of H460 and H1975 cells was assessed by flow cytometry in the present study. The levels of PD-L1 expressed on the cell membrane of H460 and H1975 significantly decreased following treatment with LPB ([Fig. 7A](#f7-ijmm-46-03-1039){ref-type="fig"}). The total PD-L1 expression levels were determined using western blotting ([Fig. 7B](#f7-ijmm-46-03-1039){ref-type="fig"}) and RT-qPCR ([Fig. 7C](#f7-ijmm-46-03-1039){ref-type="fig"}). The results demonstrated that PD-L1 expression was suppressed by LPB in a dose-dependent manner. These results indicate LPB reduced both the total expression of PD-L1 and the expression of PD-L1 at the cell membrane of H460 and H1975 cells.

Discussion
==========

Cancer is the second leading cause of death worldwide, accounting for \~10 million deaths in 2018 ([@b1-ijmm-46-03-1039]). In addition, lung cancer is the most commonly diagnosed cancer and the leading cause of cancer-associated mortality ([@b1-ijmm-46-03-1039]). Although cancer diagnoses and treatment techniques have improved significantly, a notable proportion of patients are diagnosed in the first instance with advanced stage cancer ([@b27-ijmm-46-03-1039]). In addition, chemotherapy remains the primary treatment for people with advanced stage or relapsed tumors ([@b28-ijmm-46-03-1039]). Due to the various adverse reactions and/or the development of multi-drug resistance with current chemotherapy regimens, a safe and effective adjuvant therapy or reagent is required. Natural compounds, isolated from medicinal plants, are potential resources for the development of novel chemotherapeutic reagents including steroidal saponins, which exhibit antitumor functions ([@b29-ijmm-46-03-1039],[@b30-ijmm-46-03-1039]). Whilst the exact mechanisms underlying the effects of these compounds are not yet fully understood, some reagents have been used to treat cancer patients with fewer side effects than established treatments ([@b31-ijmm-46-03-1039]). The anti-bacterial activity, memory enhancement effect and anti-inflammatory effects of spicatoside A (SPA) have been shown in several studies ([@b11-ijmm-46-03-1039],[@b32-ijmm-46-03-1039],[@b33-ijmm-46-03-1039]). It has also been reported that SPA may suppress the proliferation of colon cancer cells via cell cycle regulation and apoptosis ([@b34-ijmm-46-03-1039]). Therefore, in the present study, the effects of LPB, which contains a similar active compound to SPA, on NSCLC cells were assessed.

The CCK-8 assay, colony formation assay and phase-contrast microscopy demonstrated that LPB significantly reduced cell viability and clonogenic growth of H460 and H1975 cells in a dose-dependent manner. Apoptosis, also referred to as programmed cell death I, is a desirable outcome of traditional cancer therapy, including chemotherapy and radiotherapy ([@b35-ijmm-46-03-1039]). The results suggested that LPB increased cleavage of caspase-8 into its active form, and cleaved caspase-8 shears Bid to tBid, which is then translocated to the mitochondrial outer membrane and interacts with Bax/Bcl-2 ([@b36-ijmm-46-03-1039]) to alter the mitochondrial membrane potential ([@b37-ijmm-46-03-1039]). These changes eventually contribute to the increase in permeability of the mitochondrial membrane, leading to the release of cytochrome c from the mitochondria into the cytoplasm. Cytochrome c is a well-conserved electron-transport protein and is part of the respiratory chain localized in the mitochondrial intermembrane space ([@b38-ijmm-46-03-1039]). Cytochrome c, released from the mitochondria, can integrate with pro-caspase-9/apoptotic protease activating factor 1 in the cytoplasm and this complex cleaves caspase-9 from an inactive proenzyme to its active form, cleaved caspase-9 ([@b39-ijmm-46-03-1039]). This event further triggers the activation of caspase-3, and finally, PARP is cleaved by the activated caspases, leading to nuclear condensation and apoptotic cell death ([@b40-ijmm-46-03-1039]).

Additionally, LPB induced G1/S phase arrest, as detected by flow cytometry, by decreasing the expression of Cyclin D1, Cyclin D3 and CDK6, whilst increasing the expression of P21. These results suggest that cell cycle arrest also serves a role in the antitumor effects of LPB. Notably, it was identified that LPB could cause cell cycle arrest in the G1 phase at low concentrations, while apoptotic cells appeared when the concentration was increased to a certain level. The possible explanation of this phenomenon is that following stimulation by LPB, the cell cycle paused to repair DNA damage, but as the compound concentration increases, the outcome for cells that cannot repair the damage goes to death, including apoptosis. Furthermore, LPB may significantly induce autophagy via the AMPK-mToR signaling pathway in H460 and H1975 cells, as notable LC3 puncta were observed. LPB was thus shown to exhibit significant effects on apoptosis, cell cycle arrest and autophagy. However, it is unknown how these effects interact and affect each other, and further investigation is required.

Furthermore, it has been reported that the MAPK pathway serves a vital role in the development and progression of several types of cancer ([@b41-ijmm-46-03-1039]). The eRK1/2 signaling pathway serves a critical role in survival ([@b42-ijmm-46-03-1039]), and JNK is associated with proapoptotic activities in several tumor cell lines ([@b43-ijmm-46-03-1039]-[@b45-ijmm-46-03-1039]). Compared with eRK1/2 or JNK, the p38/MAPK signaling pathway displays a relatively complex function. It has been reported that p38/MAPK may function as a tumor suppressor by increasing apoptosis ([@b46-ijmm-46-03-1039]). However, under certain conditions, the p38/MAPK signaling pathway may also initiate resistance to apoptosis ([@b47-ijmm-46-03-1039],[@b48-ijmm-46-03-1039]). In the present study, LPB treatment increased p38/MAPK and JNK phosphorylation and decreased eRK1/2 phosphorylation. Therefore, it was hypothesized that LPB induced apoptosis in H460 and H1975 cells via the MAPK signaling pathway.

PD-L1, also known as CD274, has gained increasing attention. When PD-L1 binds with PD-1, it promotes T-cell tolerance and thus immune escape ([@b49-ijmm-46-03-1039]). Furthermore, it has been reported that the overexpression of PD-L1 is associated with a poor prognosis in several types of human cancer ([@b50-ijmm-46-03-1039]). In the present study, it was shown that LPB may significantly inhibit the expression of PD-L1, both at the transcriptional and translational levels. This suggests that LPB may potentially reduce the expression of PD-L1, and thereby suppress immune escape of tumor cells and exert antitumor effects. However, the PD-L1 inhibition of LPB and its subsequent effects need to be confirmed *in vivo*.

In conclusion, the antitumor effects of LPB in NSCLC cells were shown for the first time in the present study, to the best of our knowledge. Five novel findings may account for the antitumor effects of LPB: i) Activation of caspases; ii) decrease in mitochondrial membrane potential; iii) induction of G1/S phase arrest; iv) induction of autophagy; and v) inhibition of PD-L1 expression. The effects of LPB on NSCLC cells may be a potential therapeutic strategy, which may circumvent the adverse side effects and drug resistance that are frequently associated with current NSCLC chemotherapy. The promising anticancer mechanisms of LPB should be further studied to establish an efficacious and safe therapeutic strategy for the treatment of NSCLC. In terms of the limitation of this research, whether LPB acts on the cell surface or penetrates into the cell needs to be confirmed by radio-labeling or a fluorescent labeling method. Furthermore, we are currently unable to track the specific effective location or target of our compound in selected cells, which has become a limitation of the present study. This part of the work will be further improved in future research. In addition, further *in vivo* pharmacological and clinical investigations are required. The results of the present study suggest that LPB may be a promising therapeutic for the treatment of NSCLC.
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![Effect of LPB on the growth of human non-small cell lung cancer cell lines. (A) Chemical structure of LPB obtained from PubChem Compound. (B) A Cell Counting Kit-8 assay was used to detect the viability of H460 and H1975 cells treated with LPB at various concentrations for 24 and 48 h. ^\*^P\<0.05, \*\*P\<0.001 vs. 0 *µ*m LPB. (C) A colony formation assay was used to determine the clonogenic capacity of H460 and H1975 cells. Results are representative of at least three independent experiments. (D) Quantitative analysis of the number of colonies formed in cells treated with various concentrations with LPB. \*\*P\<0.001 vs. 0 *µ*m LPB. (e) Morphological changes were observed after the cells were treated with LPB at different concentrations for 24 h using a fluorescence microscope under bright-field. Magnification, ×200. Data are presented as the mean ± standard deviation. LPB, liriopesides B.](IJMM-46-03-1039-g00){#f1-ijmm-46-03-1039}

![LPB induces apoptosis of H460 and H1975 cells. (A) Annexin V-FITC and PI double staining were used to detect apoptosis induced by different concentrations of LPB for 24 h. ^\*^P\<0.05, ^\*\*^P\<0.001 vs. 0 *µ*m LPB. (B) Morphological changes in apoptotic cells treated with LPB are shown by Hoechst 33342 staining using fluorescence microscopy. Magnification, ×200. (C) Expression levels of PARP, cleaved PARP, caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, cleaved caspase-8 and Survivin were examined by western blotting in H460 and H1975 treated with LPB for 24 h at different concentrations. Results are representative of three independent experiments. LPB, liriopesides B; PARP, poly (ADP-ribose) polymerase.](IJMM-46-03-1039-g01){#f2-ijmm-46-03-1039}

![LPB-mediated effects on the mitochondrial apoptosis pathway. (A) Flow cytometry analysis demonstrated that LPB reduced the mitochondrial membrane potential in a dose-dependent manner. ^\*\*^P\<0.001 vs. 0 *µ*m LPB. (B) Expression levels of Bax, Bcl-2, Bcl-xl, Bid, tBid, and (C) cytoplasmic and mitochondrial cyt-c were detected by western blotting in H460 and H1975 cells treated with different concentrations of LPB for 24 h. β-actin and cox Iv were used as the loading controls for the cytoplasm and mitochondria, respectively. Results are representative of three independent experiments. LPB, liriopesides B; cyt-c, cytochrome c.](IJMM-46-03-1039-g02){#f3-ijmm-46-03-1039}

![LPB induces cell cycle arrest in non-small cell lung cancer cells. (A) Flow cytometry was used to detect the cell cycle distribution after treatment with LPB. (B) Quantitative analysis of cell cycle distribution. (C) Expression levels of proteins associated with the G1/S checkpoint were measured using western blotting. GAPDH was used as the loading control. Results are representative of three independent experiments. LPB, liriopesides B; Rb, riboblastoma; p-, phosphorylated.](IJMM-46-03-1039-g03){#f4-ijmm-46-03-1039}

![LPB induces autophagy via an AMPKα-mToR signaling pathway in H460 and H1975 cells. (A) H460 and H1975 cells, stably expressing GFP-RFP-LC3, were treated with LPB. Representative images of LC3 puncta captured using a fluorescence microscope are presented. Magnification, ×200. (B) AMPKα, p-AMPKα, p-mTOR, mTOR, p-ULK, ULK, and LC3 expression was detected using western blotting in H460 and H1975 cells treated with LPB. LPB, liriopesides B; p-, phosphorylated; AMPKα, AMP-activated protein kinase α; uLK, unc-51 like autophagy activating kinase.](IJMM-46-03-1039-g04){#f5-ijmm-46-03-1039}

![Effect of LPB on the MAPK and AKT signaling pathways in non-small cell lung cancer cells. H460 and H1975 cells were treated with different concentrations of LPB for 24 h. Expression levels of p-AKT, AKT, p-eRK1/2, eRK1/2, p-P38, P38, p-JNK and JNK were detected by western blotting. Results are representative of three independent experiments. LPB, Liriopesides B; p-, phosphorylated.](IJMM-46-03-1039-g05){#f6-ijmm-46-03-1039}

![LPB decreases the total expression levels of PD-L1 and at the cell membrane. (A) Flow cytometry analysis was used to examine the expression of PD-L1 on the cell membrane of the non-small cell lung cancer cells. The MFI of PD-L1 was significantly decreased by LPB in both H460 and H1975 cells. ^\*^P\<0.05. (B) Western blotting and (C) reverse transcription-quantitative PCR were performed to detect the total expression levels of PD-L1. Results are representative of three independent experiments. Data are presented as the mean ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.001 vs. 0 *µ*m LPB. MFI, mean fluorescence intensity; LPB, liriopesides B; MFI, mean fluorescence intensity; PD-L1, programmed death-ligand 1.](IJMM-46-03-1039-g06){#f7-ijmm-46-03-1039}
